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(sesesesesese® pact of fundamental importance in understanding the
3] functioning of the adrenal medulla is its embryonic

A origin. Neuroblasts migrating outward from the primi-
tive axis of spinal cord segments develop mainly into the

mesesesesases e ganglia of the sympathetic system; but some of them are
transformed into the adrenal medulla. Thus most of these neuroblasts
become sympathetic neurones; a small remnant become secreting cells
which, on being stimulated, discharge adrenaline. Likewise, nearly all
sympathetic neurones, when they are stimulated, discharge at their end-
ings a substance which, according to strong presumptive evidence, has
been regarded as adrenaline (Rosenblueth’, 1932). Since adrenaline is
the characteristic constituent when extracts are made of the adrenal
medullary cells and since sympathetic neurones are like the medullary
cells in origin and in producing adrenaline, or an adrenaline-like sub-
stance, the question arose whether extracts of these neurones mighr not

yield adrenaline.
The answer to that question was sought by Lissak and myself?
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(1939). We found that extracts of the ultimate sympathetic fibers, the
“adrenergic” fibers (e.g., those in the mesenteric nerves) or extracts of
an organ containing such fibers (e.g., the heart) have all the effects of
extracts of the adrenal medulla itself. They are like adrenaline in raising
blood pressure, dilating the pupil, contracting the nictitating membrane,
relaxing the non-pregnant cat uterus, augmenting the heart beat, and in
other similar respects. Extracts of “cholinergic” nerves, and also ex-
tracts of the heart in which adrenergic fibers had degenerated, had no
distinctive adrenaline-like action on blood pressure or iris.

The evidence strongly indicates, therefore, that Elliott’s® (1904)
suggestion is correct, that the ultimate sympathetic neurones influence
glands and cardiac and smooth muscle by the adrenaline which they set
free at their terminals, and that adrenaline secreted from the adrenal
medulla and circulating in the blood stream has on these structures the
same influence as the nerve impulses because it is the same substance as
that which they produce. Since the sympathetic division of the auto-
nomic system when strongly excited acts as a whole and thereby induces
wide-spread changes in the organism—e.g., stopping the digestive proc-
esses, raising blood pressure, accelerating the heart, erecting hairs, as
well as discharging adrenaline from the adrenal medulla—the combined,
simultaneous action of sympathetic neuronal adrenaline and secreted
medullary adrenaline is properly regarded as constituting a sympathico-
adrenal system.

In addition to adrenaline discharged from the adrenal medulla, as
a means of reinforcing or prolonging the effects of sympathetic nerve
impulses, there is sympathin. This is a substance which escapes into the
blood stream, from organs innervated by the sympathetic, when the
sympathetic system is specially active. As we have noted, in these cir-
cumstances adrenaline is discharged from the nerve endings and has its
typical effects. In doing so, however, some change occurs, because in
some regions—in smooth muscles, for example—it causes relaxation and
in others contraction. Rosenblueth and I* (1933), following a theory
offered by Langley, have suggested that neuronal adrenaline unites
inside the reacting cells with a differentiating substance which makes
possible the two opposite responses to a single agent. In any case, sym-
pathin differs from adrenaline. For example, ergotoxine blocks the
hypertensive action of adrenaline on blood pressure and reveals a de-
pressive action; it has not that influence on the action of sympathin.
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And whereas adrenaline retracts the iris and relaxes the cat’s non-
pregnant uterus, sympathin does not do so if it comes from a region
where sympathetic nerves have a purely positive influence. In general,
however, the positively acting sympathin prevails, causing, for example,
acceleration of the heart and rise of blood pressure. The observations
which Rosenblueth and I° made in 1932, and which later were extended
by Liu® (1935), proved that secreted adrenaline and circulating sym-
pathin, liberated from stimulated structures, cooperate in augmenting
or lengthening the duration of such changes. A brief period of excite-
ment will discharge adrenaline from sympathetic nerve endings; sym-
pathin will come away from the affected organs and also adrenaline
from the adrenal medulla. These circulating sympathico-mimetic sub-
stances may have effects which outlast for minutes the exciting incident—
effects which possibly explain the agitation which is experienced after
the object or condition, which produced the excitement originally, has
disappeared.

There was a time, about twenty years ago, when a lively controversy
was going on between Stewart and Rogoff, then of Cleveland, and a
group in the Harvard Physiological Laboratory as to whether the
adrenal medulla responds to changes involving the sympathetic system
by an extra discharge of adrenaline (Cannon,” 1929). The Cleveland
investigators themselves furnished evidence that adrenal secretion is
under control of the splanchnic nerves, for when they stimulated these
nerves they saw a retraction of the denervated iris—a retraction which
did not occur if the blood flow through the adrenal veins was obstructed
during the stimulation, and which did occur when the pent blood
was released. They denied the claims of the Harvard group, however,
that afferent stimulation and asphyxia, which are accompanied by a
natural discharge of splanchnic impulses, induce a similar increase of
the secretion. In 1922, Carrasco-Formiguera and L* using as an indi-
cator the denervated heart instead of the denervated iris, provoked an
acceleration of the heart rate by stimulating afferent nerves or inducing
asphyxia. When we obstructed the blood flow through the adrenal veins
these reflex and asphynxial effects did not occur, and when the pent blood
was released the heart was again accelerated. The logic of the situation
thus presented required Stewart and Rogoff to accept our evidence for
reflex and asphyxial secretion from the adrenal medulla or to repudiate
the evidence on which they based the conclusion that the output of
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adrenaline is under splanchnic control. That dilemma has not been met
in the past seventeen years.

In reports of the work done by Stewart and himself, Rogoff® (1935)
has repeatedly and insistently laid stress on the fact that they employed
a quantitative method. The method involved collecting blood from the
adrenal veins as it gathered during a measured time in a section of the
inferior vena cava, the so-called “cava pocket,” and then assaying the
adrenaline content of this blood by comparing its effect and that of
various concentrations of adrenaline on a beating intestinal strip. By
use of this method the Cleveland investigators obtained results which
led them to infer that adrenal secretion is constant and unvérying; in-
deed, Rogoff has declared that the conclusion that asphyxia and central
stimulation induce an extra output of adrenaline “has never been sup-
ported by satisfactory measurements of the rate of secretion.” That
statement indicates disregard for the results obtained by Rapport and
myself*® (1921), and by Sataké and his colleagues™ (1927) with use of
the very method which Stewart and Rogoff devised. For more than a

~dozen years the Japanese investigators labored in this field. They pub-
lished a large volume of experimental studies which definitely and
quantitatively confirmed the results obtained by the Harvard group
and which also clearly explained Stewart-and-Rogoff’s failure as being
due to too deep anesthesia. Rogoff has not only not attended to this
evidence contradictory to his views; he has not attended to the studies
of various observers—in Europe, Africa, South America—who with dif-
ferent methods have supported consistently our conclusions. Indeed, in
the past twenty years there has been no support whatever, from any
quarter, for the claims of the Cleveland pair. I offer no apology for
recalling this old controversy, because there still appear in text books
and even in a fairly recent publication of the American Medical Asso-
ciation (Rogoff,® 1935) statements which lead readers to conclude that
the issue is not fully settled and that there is still some question about
extra adrenal secretion when the sympathetic system is active.

As I have intimated, in the course of this controversy the denervated
heart was used as an indicator of increased adrenaline in the circulation.
It is extremely sensitive, responding by a faster beat when the adrena-
line concentration is increased by only 1 part in 1,400,000,000 parts of
blood. When, with aseptic precautions, the heart has been isolated from
the nervous system the animal may live indefinitely, with the heart con-
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tinuing to perform its proper functions as a pump (Cannon, Lewis and
Britton,* 1926). Hence, while the animal is in excellent physical con-
dition, records can be made of the heart rate under various experimental
conditions and thereafter the adrenal glands can be excluded from
action—by removing one of them and denervating the other—and rec-
ords of the heart rate then made again under the same conditions. Thus,
by finding that an acceleration occurred during the tests, and that
acceleration failed to occur after adrenal inactivation, we were able to
show that muscular work, emotional excitement, asphyxia, low blood
pressure, external cold, infection, and hypoglycemia were accompanied
by an extra secretion from the adrenal medulla, and extra activity of the
sympathico-adrenal system.******* Each one of these situations makes a
special demand on the organism or is likely to make that demand. In
each one of them the operation of the system is such as to favor the
welfare of the organism. The blood flow is shifted in such manner as to
promote effectiveness in muscular effort, the metabolic rate is speeded
up when the temperature tends to fall, glucose is liberated from hepatic
stores when the amount in the blood is dropping to a low level, the
capacity of the blood vessels is adapted to a reduced blood volume. In
short, as these illustrations indicate, the system promptly and automat-
ically makes adjustments which are required to prepare the organism for
temporary exigencies or to preserve its normal internal condition when
that is likely to be disturbed. Such services performed by the sym-
pathico-adrenal system at times of unusual or critical need I have called
its “emergency” functions (Cannon,’ 1929).

Much of the evidence that the sympathico-adrenal system performs
its special services in times of stress was gained by study of animals—
dogs, cats, monkeys—from which that system had been wholly removed.
The possibility of continued existence without any sympathetic nerves
may seem surprising, for they belong to what have been called “Lebens-
nerven.” Yet we have been able, quite easily, to keep sympathectomized
animals under the quiet and uniform conditions of the laboratory many
months—in one instance more than three years—in good health and
nutritional status. Cats were most thoroughly investigated. So long as
they were not subjected to stress they appeared quite normal. But when
they were exposed to heat or cold they were revealed as defective in
their ability to maintain body temperature; when they lost blood they
'were defective in restoring compensatory blood pressure; when they
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ran or struggled the blood pressure fell and they fainted; when placed
in an atmosphere of low oxygen concentration they collapsed much
sooner than animals with the sympathico-adrenal system intact; and
when given insulin in amounts readily endured by normal cats they
suffered a sharp drop in blood-sugar percentage which would have been
disastrous if they had not been rescued (Cannon,*® 1939). It was inter-
esting to learn that although sympathectomized dogs showed in emer-
gencies effects similar to those shown by sympathectomized cats the
effects were not so extreme. The difference can reasonably be ascribed
to the remarkable physiological developments which the dog possesses
as a running animal: a much larger lung surface, cardiac capacity and
blood volume for his weight than the more indolent cat possesses, in
addition to having a higher hemoglobin percentage, a readier resort to
shivering when cold and resort to panting when warm. Note that in all
these respects removal of the sympathico-adrenal system produces no
adverse alteration. There is one condition in which these advantages of
the dog cannot be effective—i.e., in the mobilization of sugar from the
liver when an excess of insulin is given. In those circumstances the sym-
pathectomized dog is as vulnerable as the sympathectomized cat (Can-
non,™* 1939). It appears, therefore, that the sympathico-adrenal system
is called into action in emergencies and has a fundamentally important
function in maintaining a fairly uniform condition in the fluid matrix
of the organism, the blood and lymph (Cannon,** 1939).

The foregoing discussion has been concerned chiefly with the com-
bined functions of the sympathetic division of the autonomic system
and the secretion of the adrenal medulla—i.e., with the functions of the
sympathico-adrenal system. The question arises as to whether secreted
adrenaline, itself, has a distinctive use. Rogoff® (1935) has declared that
it does not play an important role in the body and that “no specific
function for epinephrine (adrenaline) has been proved.” The main argu-
ment against the utility of secreted adrenaline is based on the fact that
one adrenal may be removed and the other may be demedullated with-
out endangering the life of the animal. Obviously the adrenal medulla
is not essential to existence. There is a difference, however, between
being useful and being essential. As we have many times demonstrated,
the cardiac nerves may all be severed in animals which survive the oper-
ation for many months; the nerves are clearly not essential, but is there
anyone who would suppose, therefore, that they are not useful? Simi-
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larly the survival of animals without the sympathetic system proves that
it is not essential, but again are we to conclude, therefore, that it is not
useful? In order to know the utility of adrenaline we must consider
what changes are wrought by exclusion of the adrenal medulla, quite
apart from continued existence.

First, there is the coGperation between secreted adrenaline, neuronal
adrenaline and circulating sympathin, already referred to. Actual rec-
ords show, as previously noted, that a momentary excitement may have
bodily effects lasting 15 to 20 minutes if the adrenals are present and
only brief effects if the glands are excluded from action. These records
prove that adrenaline intensifies and prolongs the influence of sympa-
thetic impulses.

Again, adrenaline has an accelerating action on metabolism. One
milligram of adrenaline will cause an increased output of heat amounting
to 50 calories. I have already mentioned the evidence, derived from
experiments on animals with the heart denervated, that when the body
temperature tends to drop, because of exposure to external cold, there
is an increased secretion from the adrenal medulla. If the adrenal influ-
ence is suppressed and the animals, thus rendered defective, are sub-
jected to the same conditions as before, shivering occurs to a greater
degree than when the adrenals were present and able to augment metab-
olism, i.e., the animals fall back on muscular contraction as a means of
producing extra heat.

Another effect of adrenaline which has been reported by a number
of investigators—among them Mendenhall and myself** (1914)—is that
of hastening the coagulation of the blood. When adrenaline is injected
this phenomenon occurs, and when adrenaline is secreted, either as a
consequence of splanchnic stimulation or as a consequence of excite-
ment, the time of coagulation is likewise greatly shortened. If the
adrenal medulla is excluded and the conditions which normally evoke
secretion are repeated, the faster clotting does not occur.

Finally, there is the special effect of adrenaline on the liver. In 1928
Riegele*® described a network of extremely delicate nerve filaments
between the liver cells, with offshoots reaching into the cellular cyto-
plasm. This observation, if correct, would establish a basis for imme-
diate nervous government of liver function. The observation, however,
has been questioned. Two years ago Nonidez'’ (1937) reported that
the silver method used by Riegele not only may stain nerve fibers but
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also may impregnate fine connective tissue strands and thus confuse
the picture. “Up to the present,” Nonidez wrote, “no nervous structure
resembling a network has been described in the liver.”

The testimony that nerve filaments are not distributed to liver cells
is in accord with the evidence that a relatively small dose of insulin
induces a swift and unchecked and quite abnormal fall of blood sugar
in animals from which the adrenals have been removed, although hepatic
nerves are still intact (Cannon, Mclver and Bliss,*® 1924). It is also in
accord with observations that emotional excitement does not cause the
usual hyperglycemia in animals without adrenals, but again with hepatic
nerves intact (Britton," 1928). Supporting evidence was furnished by
the experiments which Lissik and I* (1939) performed this year. It will
be recalled that we found an adrenaline-like substance in the ultimate
sympathetic neurones, whether these neurones, or parts of them, were
isolated or were imbedded in organs, e.g., the heart. The significant
fact appeared, that whereas extracts of liver blood wessels raised blood
pressure, dilated the pupil and speeded up the heart rate—thereby re-
vealing the presence of sympathetic fibers on them—extracts of liver
pulp had little or no adrenaline-like action. The occasional slight action
can be explained as due to the difficulty of removing the pulp from the
vessels without pulling away some of the vascular twigs. All these ob-
servations, taken together, indicate clearly that the liver cells are not
subject to direct nervous control.

It appears that the liver can play a role in carbohydrate metabolism
quite independently, both by taking in and giving forth glucose. By a
simultaneous determination of the rate of blood flow through the liver
and the glucose content of the inflowing and the outflowing blood it
has been shown that during control periods the liver secretes glucose,
and that when glucose is abundantly supplied secretion ceases and sugar
is retained (Soskin, Essex, Herrick and Mann,* 1938). In an emergency,
however, as, for example, in great excitement or when insulin is abun-
dant, this intrinsic mechanism is not adequate. Faster glycogenolysis is
required in order to mobilize blood sugar. In these circumstances,
adrenaline discharged from the adrenal medulla is the effective agent
for releasing glucose from the hepatic stores.

Because an injection of adrenaline raises blood pressure, by acceler-
ating the heart and constricting arterioles, an idea has prevailed that
persistent hypertension may result from overactivity of the adrenal
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medulla. In a temporary test, as Freeman and Jeffers®® (1939) have
shown, secreted adrenaline may play a significant role in producing a
brief experimental hypertension, but that occurred when the heart was
denervated and when its acceleration depended on medulliadrenal secre-
tion. If the heart was normally innervated, the effect was produced
quite as well without any participation of the adrenal glands. Again we
note a cooperation of adrenaline and sympathetic impulses in the sym-
pathico-adrenal system—a co6peration which permits either of the part-
ners to compensate, in this condition, for absence of the other. But
neither of these partners is necessary for the maintenance of normal
blood pressure. The entire sympathetic system may be progressively
removed and yet vascular tone is well preserved and the pressure is held
within the normal range (B. Cannon,** 1931). This is not a consequence
of compensatory secretion of adrenaline, for there is experimental proof
that the adrenal medulla does not secrete unless it is stimulated by ner-
vous impulses, except in the rare state of extreme asphyxia (Zwemer
and Newton,* 1928). The sustained contraction of the arterioles after
sympathectomy appears to be due to intrinsic properties of the smooth
muscle in the vessel walls.

Two types of prolonged hypertension can be produced experi-
mentally: one the result of removal of the restraining nerves (i.e., those
from the carotid sinus and the aortic arch), as demonstrated by Hey-
mans and his collaborators; the other the result of lessening the blood
flow through the kidneys, as demonstrated by Goldblatt and his
collaborators (Cannon,* 1937). The former type, Heymans and
Bouckaert*® (1936) report, disappears when the sympathico-adrenal
system is entirely excluded from action. Whether this type ever occurs
clinically is as yet unknown. The second type—that produced by Gold-
blatt clips on the renal arteries—is not affected by sympathectomy.
Freeman and Page® (1937) have found that application of the clips
induced hypertension in completely sympathectomized animals and that
if hypertension had been produced by partial renal ischemia, later
removal of the sympathetic did not improve the condition. I have felt
justified in emphasizing the absence of evidence that excessive adrenal
secretion explains high blood pressure because, unfortunately, the idea
that the adrenals are the cause of it has prevailed and has led to severe
operations directed towards denervating them in order to abolish their
supposedly pernicious discharge. There is no doubt that if adrenal secre-
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tion should be discharged in sufficient amount to produce a high blood
pressure it would have other wide-spread and highly disturbing effects
on the organism such as are, in fact, not seen in cases of hypertension.

In summarizing the part played by the adrenal medulla in the func-
tioning of the organism we may recognize that it codperates with
sympathetic impulses in producing adrenaline, that this sympathico-
adrenal system is brought prominently and usefully into action in emo-
tional excitement, in vigorous muscular work, in asphyxia, low blood
pressure, chilling surroundings and hypoglycemia—in brief, that it serves
effectively in emergencies; furthermore, that this service can be given a
general expression in stating that the system guards the constancy of the
internal environment of the organism; and finally that secreted adrena-
line itself acts to prolong the effects of nerve impulses, to accelerate
metabolism, to shorten coagulation time and to release glucose from the
liver. There is no evidence that secreted adrenaline is an important
agent in maintaining a high blood pressure.
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